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Abstract: Exposure of living bodies to very high 
frequency non-ionizing electromagnetic field (EMF) 
(i.e. microwave (MW) domain, (108 – 1011) Hz) is 
associated to the use of mobile communications, radar 
detection, dielectric heaters and to several medical 
procedures. Phantoms filled with artificial materials 
described by dielectric properties similar to those of 
anatomical tissues are used in experimental 
procedures for electronic equipment certification; 
numerical modeling is also a powerful tool for EMF 
distribution and dosimetric parameters evaluation, 
while an optimum between computational costs and 
relevance of results is desirable. 
We report here a numerical study of the 
electromagnetic field induced in several biological 3D 
FEM models by a conventional microwave applicator. 
The sensitivity of dosimetric parameters relative to 
the properties of the model and the compliance with 
exposure guidelines are evaluated. The influence of 
dielectric properties dispersion on dosimetric 
quantities is examined. Useful conclusions were 
drawn for the design and validation of experimental 
settings and numerical models. The general 
characteristics of the MW source and the exposed 
medium are associated to mobile telephony 
conditions, but the methods could be also extended to 
other applications. 
  
I.  INTRODUCTION 
 
Microwave dosimetry consists of three categories of 
problems [1]:  
(1) specification of the exposure conditions: EMF 
source and characteristics of the target body (shape 
and inner structure with physical properties), 
(2) evaluation of the so-called internal fields, namely 
the electric and magnetic fields distributions inside 
the body exposed to the incident fields, 
(3) estimation of the biological effects. 
An antenna, usually placed near the surface of the 
skin, is the EMF source. Excited with electromagnetic 
radiation in the MW domain, biological tissues are 
materials that behave, at a macroscopic scale, as lossy 
dielectrics; the depth of penetration is limited in those 
circumstances to 0.02 – 0.03 m. Consequently, the 
exposure of living bodies to very high frequency non-
ionising EMF may lead to significant absorption of 
energy mainly localized at the surface of the exposed 

body. The energy absorption is related to thermal 
effects and is usually quantified by the Specific 
energy Absorption Rate ( ( )!"= 2/

2

max
ESAR  where 

max
E  is the maximum value of the time harmonic 
strength of the electric field E, !  is the electric 
conductivity and !  is the mass density of the exposed 
tissue). Thermal biological effects are intensively 
studied and documented; currently, limiting exposure 
restrictions are exclusively based on thermal effects. 
However, athermal physiologic phenomena are 
suspected to occur and make the object of important 
but yet inconclusive research in this field.  
Experimental evaluation and computation of EMF 
distribution inside the exposed body are the two ways 
that allow the investigation of dosimetric parameters. 
Macroscopic analysis generates data on the 
distribution of the EMF inside the exposed body and 
opens the path for microscopic dosimetry. Inner 
electric field is measured either in experimental 
animals or in models (phantoms) which consist of 
materials that have electric and magnetic properties 
similar to that of animal tissue; the measurements 
follow standard protocols in order to minimize the 
uncertainties. The numerical modeling allows detailed 
description of the exposure conditions and 
sophisticated processing of data, but is highly 
dependent on expensive computational resources. The 
usefulness of numerical modeling as well as 
measurements inside the body is beyond doubt for the 
assessment of biological effects necessary for setting 
the safety exposure guidelines; the two evaluation 
tools could complement each other in the design of 
harmless MW devices and in the development of 
certification protocols. 
The objective of our research is to present and 
evaluate simplified numerical models for dosimetric 
studies in the MW domain of the EMF. This work is 
focused on the construction of a 3D model adequate 
for the study of EMF penetration and dosimetric 
estimates in the head of a cellular phone user, but the 
followed path and the tools are adequate for any other 
application. The 3D human head model presented 
here has a realistic shape, obtained through 
geometrical reconstruction from 2D tomographic 
slices. Its inner structure is represented by a 
homogeneous tissue with equivalent physical 
properties. We show in this paper the construction of 
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the 3D geometry, the computation of the equivalent 
dielectric properties and SAR calculation according to 
effective exposure guidelines. 
 
II. PHYSICAL PROPERTIES OF THE MODEL 
AND GENERAL CONSIDERATIONS 
 
The work presented here examines the 
electromagnetic field penetration in human tissue 
considering several conditions and particularities 
related to wireless communications in the microwave 
frequency range [2-4]: 

(1) An antenna is the electromagnetic radiation source  
in our near field exposure study. In this region, 
approximately one wavelength in extent, the electric 
field strength can be relatively high and pose a hazard 
to the human body. The dipole configuration is the 
most common and conventional type for near field 
human exposure related to wireless personal 
communication systems in the GSM frequency range 
(0.5 to 3 GHz) and the time-harmonic waveform is 
considered. In numerical and experimental models, 
the length of the antenna is usually adjusted at the half 
wavelength, both because of modeling reasons (like 
symmetry conditions) and to maximize the efficiency 
of the emission.  

(2) The exposed body model is inspired by the human 
head anatomy. A 3D reconstruction from 2D 
tomographic slices that conserves the general external 
shape of the head was performed. The model is 
compared with another with ellipsoidal shape. Both 
models have a homogeneous inner structure described 
with equivalent physical properties. 

(3) Our purpose is to determine some quantitative and 
qualitative information on dosimetric parameters 
inside the body exposed to electromagnetic radiation 
and to relate them to prescriptions stated in human 
exposure guidelines and standards [5-8]. We are 
interested here by the high-frequency electromagnetic 
field, the microwave range with applications in 
wireless communications technologies, 0.5 – 3 GHz. 
The basic restriction for localized exposure (head and 
trunk) in this frequency range is the specific energy 
absorption rate (SAR) which is set in terms of 
maximum mass-normalized quantity, as follows: 
- 2 W/kg for "any 10g of contiguous tissue" in the 

ICNIRP guidelines [5] and the EC recommendation 
[8], while "any 10g of contiguous tissue in the 
shape of a cube" in the Australian standard [7];  

- 1.6 W/kg for "1g of tissue in the shape of a cube" in 
the ANSI/IEEE standard [6]. 

Basic references [5], [6] and [8] are issued in the same 
period of time, 1998-1999, are based on the research 
and documentation literature available at the time and 
are still in force. At the first glance the specifications 
do not seem to be contradictory; however, we found 
some differences in their practical use, that we 

attempt to emphasize on a case study presented 
further. 
 
III.  3D HEAD MODEL CONSTRUCTION 
 
The 3D reconstruction of the human head [2] is 
accomplished with the aid of the Matlab – Femlab 
software suite [9], after the preprocessing of the data 
with 3D Slicer [10]. Femlab is an interactive 
environment for modeling and solving FEM based 
problems, while 3D Slicer is an image processor, 
capable of volumes reconstruction from 2D slices. 
The primary data used are CT images scanned from 
an adult person, as a series of cross-sectional images 
made along an axis; the images are segmented (the 
regions of interest are identified on the image – in our 
case the whole head) using a combination of manual 
and semiautomatic segmentation. From these images 
the head is reconstructed in 3D Slicer as fig. 1 shows.  

 

 
 

Fig. 1. The head reconstructed in 3D Slicer 
 

The images segmented in 3D Slicer were used as the 
basis of the reconstruction with the Matlab-Femlab 
suite and the final object is rendered in Femlab. A 
conventional half wavelength dipole antenna is 
located near the right ear; the outer domain, the space 
around the head, is limited with a sphere (fig. 2). 

 

 
Fig. 2. Human head geometry in Femlab 

 
Computational resources impose restrictions for the 
representation of the head anatomical structure. An 
inner structure described by thin tissue layeres, like 
the one presented in [3], requires large computer 
memory for the discretization mesh, which proves to 
be an excessive demand for our available resources. 
The solution to this problem is a compromise. We 
computed equivalent dielectric properties by energetic 
equivalence between the EMF distributions in a six 
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tissues layered structure and in a homogeneous one. 
The equivalence is performed on 2D models reduced 
from 3D based on axial symmetry hypothesys. Fig. 3 
sugests the assumptions made here: (a) the 
geometrical configuration could be approximated with 
elipsoidal and spherical layers; (b) the axial symmetry 
which is adequate for the antenna, proves to be also 
suitable for a practical, even unrealistic, anatomical 
structure.  

 

 
 

a. General configuration b. 2D model (6 tissue layers) 
 
Fig. 3. Computational 2D domain based on a multi-
layered structure 
 
The numerical computation used for the 2D FEM 
model is based on the Femlab software [9], the 
Electromagnetics Module, in the axisymmetric 
transversal magnetic (TM) waves application mode, 
time-harmonic submode. The wave equations are 
applied for lossy media, characterized by the complex 
electric permittivity ε 
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where the unknown field variables, in the cylindrical 
coordinate system and in complex form are: 
 

 ( ) ( ) tj
ezrHtzr
!

""= eH ,,,  (3) 
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The computational domain is limited with low-
reflecting boundary conditions and the boundary on 
the (Oz) axis satisfies axial symmetry conditions. The 
EMF source is introduced through a nonhomogeneous 
magnetic field boundary condition, simulating the 
center fed dipole antenna. The dielectric properties 
and dimensions for the six tissue layeres were taken 
from literature [3, 11], in the considered frequency 
range (0.5 ... 3) GHz. 
A linear stationary solver based on Gaussian 
elimination was used. The FEM mesh is composed of 
triangular elements, and for its density assessment 
were performed two accuracy tests: the constant 

radiated power and the conventional energetic balance 
in the domain. 
Energy based equivalence methods were applied to 
compute dielectric properties of the reduced 
homogeneous model (σequiv respectively εequiv). One 
considers that the total absorbed power and the total 
electric energy have the same values in the 
heterogeneous (composed by i different sub-domains) 
and equivalent homogeneous models: 
 
 ( ) ( )!! "="

i

iequiv
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ii EE dv dv
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Fig. 4 shows the frequency dependence of the  
computed equivalent electric conductivity and 
dielectric permittivity in the considered frequency 
range. The equivalent mass density of the head, 
necessary for SAR estimate, is approximated, by 
weighted arithmetic mean, with the value 1375 kg/m3. 
 

 
Fig. 4. Equivalent dielectric properties of the 
homogeneous head  

 

The equivalent properties are useful in the design of 
experimental mannequins. Tissue equivalent 
phantoms are used instead of real bodies in the 
experimental dosimetry. A typical phantom designed 
for the certification of communication equipment is 
described in [4] (i.e., the Specific Anthropomorphic 
Mannequin – SAM) and it consists of a 2 mm 
polyurethane shell (σshell = 0.0012 S/m, respectively 
εshell = 5), filled with simulant tissue solution (σsimulant 

= 0.7 S/m, εsimulant = 48, at 0.835 GHz and σsimulant = 
1.7 S/m, εsimulant = 41, at 1.9 GHz). As one could see, 
the mentioned values of the simulant tissue solution 
are much higher than the corresponding ones 
presented in fig. 4 and they are comparable with 
measured values for brain tissue [11]. However, the 
presence of the polyurethane shell has a screening 
effect for the electric field penetration inside the 
described phantom. 
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The 3D FEM models used in this wok are based on 
the same equations (1); the Femlab 3D Electro-
magnetic Waves application mode [9] is used; the 
boundary conditions and the solver options are similar 
to those specified for the 2D FEM model. 
For dosimetric evaluations we propose here, and 
compare, three 3D FEM models:  

- model A – homogeneous head with realistic 
shape, reconstructed from tomographic slices (shown 
in fig. 2), filled with equivalent head material (fig. 4), 

- model B – homogeneous ellipsoidal head, filled 
with equivalent head material (fig. 4), 

- model C – homogeneous ellipsoidal head, filled 
with simulant brain solution (properties from [11]). 
 
IV. RESULTS 
 
IV.1  Electric field strength and penetration depth 
 
We computed the E-field strength distribution inside 
the three head models exposed in the near field of the 
half wavelength dipole antenna at different 
frequencies; the antenna is placed at 0.005 m distance 
from the body surface and the emitted power is set at 
1W in all cases in order to express the E-field and 
SAR as rated (per power) values, giving the possibility 
to better analyze them and to scale them for any other 
value of the emitted power. Figure 5 shows the 
distribution of the electric field strength E (maximal 
time-harmonic values) inside the head model, along 
an axis with maximal values; the frequency is 1.8 
GHz. 
 

 
Fig. 5. E distribution (maximal time harmonic 
values)  versus distance r,  measured from the 
surface of the skin,  for 3D FEM models (1W, 
5mm, 1.8 GHz) 

 
From E-field distributions similar to those displayed 
in fig. 5 we have computed the penetration depth of 
the electric field as a function of frequency. The 
results are given in fig. 6 for the three head models; 
the antenna emitted power and the distance between 
antenna and head are the same (1W and 0.005 m). 

 

 
 
Fig. 6. Penetration depth versus frequency for 3D 
FEM models (1W, 5mm, 1.8 GHz) 

 
Models A and B behave very similar, which shows 
that the ellipsoidal shape is a fairly good 
approximation for the realistic shape of the head. The 
penetration depth is lower in model C due to the 
higher conductivity of  the simulant brain solution. 
 
IV.2  SAR evaluation 
 
SAR distribution inside the head, computed for model 
A is displayed in the longitudinal and transversal 
section planes in fig. 7; the same parameters 
characterise the EMF source. 
 

 

 
Fig. 7. SAR distribution in the head in longitudinal 
(up) and transversal (down) section planes  (1W, 
5mm, 1.8 GHz) 
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We further discuss the significance of the mass-
normalized SAR over 1g versus 10g of tissue, which 
represents, for the equivalent biological tissue with 
the mass density of 1375 kg/m3, a volume associated 
to a cube with the edge of 9mm, respectively 19.4mm. 
The standards suggest that the cube volume should 
include the maximal local SAR values in the exposed 
area. Because the SAR, like the E- field in the exposed 
region is maximal at the surface of the body, the 
volume is selected with one face on the body surface 
(in practical cases the curvature could be neglected). 
Fig. 8 shows, for three significant frequencies (0.9, 
1.8 and 2.5 GHz), the following SAR computed 
quantities: the local maximal SAR (SARmax) and the 
averaged SAR values for 1g and 10g of tissue (SAR1g, 
SAR10g). The head is represented with model A and 
the antenna, placed at 5 mm distance, produces the 
power of 1W. 
 

 
Fig. 8. SAR estimates for the type A head models 
(1W, 5mm) 

 
One could observe that for the same exposure 
conditions, SAR10g is lower than SAR1g and SAR1g 
has a value almost comparable to SARmax, because 
SAR distribution is highly nonuniform and decreases 
rapidly with the distance from the peak.  
Further we have solved the “inverse problem”, that is 
the estimate of the admissible power of the radiation 
source, which produces the SAR1g = 1.6 W/kg, 
respectively the SAR10g = 2 W/kg, as maximal 
values permitted by the standards [5, 6]. The results 
are displayed in fig. 9. 
 

 
Fig. 9. Admissible emitted power according to 
ICNIRP guidelines and IEEE/ANSI standard 

 
One could see that the restriction stated by ICNIRP 
guidelines [5] (adopted also by EC recommendation 
[8] and by the Australian standard [7]) is more 
permissive than the one imposed by IEEE/ANSI 
standard [6].  
It is expected that the differences stressed here would 
be more pronounced in a nonhomogeneous thin 
layered structure. The skin and fat external layers 
concentrate the E-field in a narrow region of the head 
and SARmax could have a much more nonuniform 
distribution than in the homogeneous case [2, 3].  
Besides, the averaged value on a volume in the shape 
of a cube, over tissues with different physical 
properties seems to have a poor physical significance. 
 
V.  CONCLUSIONS 
 
Numerical models are commonly used, as much as 
experimental phantoms, to evaluate EMF parameters 
distribution in structures like anatomical tissues when 
exposed to MW either in day-to-day activities (as mobile 
phone use) or in medical therapy (hyperthermia, 
stimulation, etc.). Compared with more sophisticated 
models, the 2D and 3D FEM models presented in the 
paper demonstrate advantages in economy of 
resources, accessibility and rapidity, while the results 
are sufficiently accurate for global estimates and for 
comparison with experimental SAR and E 
distributions from measurements on phantom human 
models.  
The results presented here are specific for the 
conditions related to mobile phone use near the head, 
but the method of equivalence between the 
heterogeneous anatomical structures and the 
homogeneous equivalent domains could be also 
applied to other parts of the body, for the optimal 
design of simplified 3D numerical models or 
mannequins for measurements. 
The advantages of the numerical modelling compared 
with experimental measurements are obvious:  
rapidity in evaluation and versatility of the models - in 
numerical models the anatomical data could be easily 
changed. Besides, in experimental studies the required 
laboratory conditions (anechoic chamber, adequate 
phantom model and sophisticated instruments) are 
seldomly accesible. 
The work presents the electric field distribution inside 
2D and 3D FEM human head models. The penetration 
depth and the specific energy absorption rate are also 
computed in a frequency range adequate for 
microwaves wireless applications. A critical study for 
the evaluation of SAR shows some controversies 
produced by important differences between the most 
known and referred human exposure international 
standards; this situation is quite confusing for 
manufacturers and for end-users of wireless devices. 
It is expected that the normalization method for SAR 
limit evaluation will be reconsidered and made more 
appropriate to the structure of the exposed body; we 
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consider that the characteristic dimension of the 
integration volume should be made smaller for a more 
accurate estimate, both in numerical and experimental 
models. A more localized SAR evaluation could be 
important both for the assessment of thermal and non-
thermal biological effects. 
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